1. Introduction {#sec1}
===============

Energetic materials play an important role in military and civilian fields. With increasing demands for high-energy-density materials (HEDMs), polynitro heterocyclic compounds have attracted considerable attention owing to their excellent detonation performances, good thermal stability, and low impact sensitivity. Recently, many polynitro heterocyclic compounds have been synthesized, such as 3,3′-dinitrimino-5,5′-bis(1*H*-1,2,4-triazole) (DNABT),^[@ref1],[@ref2]^ 5,5′-dinitro-3,3′-bis-1,2,4-triazole (DNBT),^[@ref3]^ 3,3′-dinitromethyl-5,5′-bis(1,2*H*-1,2,4-triazole) (DNMBT),^[@ref2]^ 5-(5-nitrimino-1,3*H*-1,2,4-triazole-3-yl)-3-nitro-1*H*-1,2,4-triazole (NNBT),^[@ref4]^ 3,3′-dinitro-5,5′-bis-1,2,4-triazole-1,1′-diol (DNBTO),^[@ref5]^ 1,1′-diamino-3,3′-dinitro-5,5-bis-1,2,4-triazole (DABNT),^[@ref6]−[@ref8]^ 3,3′-diamino-4,4′-dinitramino-5,5′-bis-1,2,4-triazole (H~2~ANAT),^[@ref9]^ and so on. These compounds possess aromatic ring skeletons and plenty of -NO~2~ groups which can improve their stability and release more energy.

Among them, tetranitro-5,5′-bis-1,2,4-triazole compounds may possess the highest detonation performances because of sufficient −NO~2~ groups. The oxygen balance (OB) of tetranitro-5,5′-bis-1,2,4-triazole was zero, and all of the carbon and hydrogen atoms in the molecule can be oxidized to CO~2~ (g) and H~2~O (g), thus releasing the maximum energy. 1,1′,3,3′-Tetranitro-5,5′-bis-1,2,4-triazole (BT2) has been synthesized by Shreeve.^[@ref8]^ BT2 possesses high detonation performance but is unstable at room temperature.^[@ref8]^ The energetic properties of some isomers of tetranitro-5,5′-bis-1,2,4-triazole (BT1, BT2, BT5, BT7) have been studied by Zhao using density functional theory (DFT) at the B3LYP/6-311G(d, p) level.^[@ref10]^ The calculated detonation velocities were found to be from 8980 to 9380 m s^--1^, and the detonation pressures were found to be from 36.24 to 40.38 GPa. Their detonation performances were higher than that of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) (9100 m s^--1^, 39.00 GPa).^[@ref10]^ However, the isodesmic reactions of these isomers were not suitable, and the N--N bonds between reactants and products of isodesmic reactions were not uniform. The solid-phase heats of formation (Δ*H*~f,solid~) of BT1 were calculated at the B3LYP/6-311G(d, p) and B3LYP/6-311+G(2df, 2p) levels, and the calculated values were 582.50 and 494.02 kJ mol^--1^, respectively.^[@ref8],[@ref11]^ The Δ*H*~f,solid~ values of BT1 were very different. To seek reliable and accurate solid-phase heats of formation, the M06-2×/6-311++G(d, p) level was employed.

In this work, a series of isomers of tetranitro-5,5′-bis-1,2,4-triazoles were designed ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Their electronic structures, heats of formation, thermal stabilities, and impact sensitivities were studied by DFT at the M06-2×/6-311++G(d, p) level. The densities of designed isomers were calculated at the B3PW91/6-31G(d, p) level. The detonation performances of designed isomers were calculated using EXPLO5_V6.05.02. Our main purpose is to screen a novel energetic compound with excellent performance and good thermal stability and provide more reliable energetic information of tetranitro-5,5′-bis-1,2,4-triazoles.

![Designed Isomers of Tetranitro-bis-1,2,4-triazoles](ao0c01544_0005){#sch1}

2. Results and Discussion {#sec2}
=========================

2.1. Molecular Structures {#sec2.1}
-------------------------

The optimized structures of designed isomers of tetranitro-bis-1,2,4-triazoles are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The two 1,2,4-triazoles of BT1 were coplanar, while the others (BT2--BT7) were noncoplanar, which is due to the high steric effects of −NO~2~ groups.

![Molecular structures of designed isomers.](ao0c01544_0001){#fig1}

The highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and the energy gaps of designed isomers are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. According to frontier orbital theory, the HOMO and LUMO are the easiest to interact and play an extremely important role in the chemical reaction process. The energy gap between the HOMO and LUMO can be used to measure whether a molecule is easily excited, and the smaller the energy gap, the easier the molecule is excited. The energy gaps of designed isomers were found to be from 7.37 to 7.92 eV. Among them, BT5 has the largest energy gap, while BT1 has the smallest energy gap. On comparing with the energy gap between the HOMO and LUMO of HMX, all of the designed isomers possessed lower energy gaps than HMX, which indicated that the designed isomers were more easily excited than HMX in the chemical reaction process.

###### Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), and Energy Gaps (Δ*E*) of Designed Isomers

  compound   HOMO (eV)   LUMO (eV)   Δ*E* (eV)
  ---------- ----------- ----------- -----------
  BT1        --10.50     --3.13      7.37
  BT2        --11.33     --3.63      7.70
  BT3        --11.22     --3.39      7.83
  BT4        --11.33     --3.65      7.67
  BT5        --11.64     --3.72      7.92
  BT6        --11.60     --3.79      7.81
  BT7        --11.71     --3.97      7.74
  HMX        --10.39     --1.57      8.82

The electrostatic potential (ESP) of designed isomers are shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). The blue color represents the positive electrostatic potential, while the red color represents the negative electrostatic potential. The positive electrostatic potentials of the designed isomers were mainly centralized on the two 1,2,4-triazoles, while the negative electrostatic potentials were mainly distributed on −NO~2~ groups. The maximum positive electrostatic potentials of BT1 to BT7 were calculated to be 42.9, 49.7, 46.5, 50.1, 53.4, 54.3, and 58.6 kcal mol^--1^, respectively, and their minimum negative electrostatic potentials were calculated to be −19.5, −20.7, −23.3, −19.4, −17.8, −18.9, and −18.6 kcal mol^--1^, respectively. Previous studies indicated the tendency for sensitivity to increase as the positive electrostatic potential in the central portion of the molecular surface was larger. Clearly, BT5, BT6, and BT7 have larger positive electrostatic potentials than others, which might indicate more sensitivity.

2.2. Gas-Phase and Solid-Phase Heats of Formation {#sec2.2}
-------------------------------------------------

The isodesmic reactions of designed isomers are shown in [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). The total energies (*E*~0~), zero-point energies (ZPE), thermal corrections (*H*~T~), and gas-phase heats of formation (Δ*H*~f,gas~) of reference compounds are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). The Δ*H*~f,gas~ of reference compounds were calculated using the atomization reaction method at the G3 level, and the calculated results of Δ*H*~f,gas~ of CH~4~, CH~3~CH~3~, NH~3~, CH~3~NH~2~, NH~2~NH~2~, CH~3~NO~2~, and 1*H*-1,2,4-triazole were similar to their experimental values. The *E*~0~, ZPE, *H*~T~, molecular surface areas (*A*), balance of charges (ν), variance of the ESP (σ~tot~^2^), Δ*H*~f,gas~, heats of sublimation (Δ*H*~sub~), and solid-phase heats of formation (Δ*H*~f,solid~) of the designed isomers of tetranitro-bis-1,2,4-triazoles are listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). The Δ*H*~f,solid~ of designed isomers are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Solid-phase heats of formation of designed isomers.](ao0c01544_0002){#fig2}

The Δ*H*~f,solid~ values of designed isomers were found to be from 492.86 to 597.51 kJ mol^--1^, and these high heats of formation meet the design concept of energetic materials. Among them, BT7 has the largest solid-phase heat of formation, while BT5 has the smallest solid-phase heat of formation. The variation trends of Δ*H*~f,gas~ and Δ*H*~f,solid~ were approximately the same. It indicates that a compound with a high value of gas-phase heat of formation also displays a high value of solid-phase heat of formation.

2.3. Densities {#sec2.3}
--------------

Density (ρ) is an important parameter that is directly related to the detonation performances of energetic materials. The average molecular volume (*V*) and the ρ of designed isomers are listed in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). The ρ values of designed isomers are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The ρ values of designed isomers were found to be from 1.90 to 1.96 g cm^--3^.

![Density of designed isomers.](ao0c01544_0003){#fig3}

2.4. Detonation Performances {#sec2.4}
----------------------------

The detonation velocity (*D*) and pressure (*P*) are extremely important detonation performances for energetic materials. The *D* and *P* of designed isomers of tetranitro-bis-1,2,4-triazoles are calculated by the KAS equation using EXPLO5_V6.05.02, and the calculated results are listed in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf). For the purpose of comparison, the detonation performances of HMX are also calculated using EXPLO5_V6.05.02. The calculated *D* and *P* of designed isomers and HMX are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Detonation velocities and pressures of designed isomers.](ao0c01544_0004){#fig4}

The *D* values of designed isomers were found to be from 9217 to 9544 m s^--1^, while the *P* values of designed isomers were found to be from 36.73 to 40.22 GPa. Among them, BT7 has the highest detonation performances, while BT1 has the lowest detonation performances. The variation trends of *D* and *P* were approximately the same. The variation trends of ρ and detonation performances (*D*, *P*) were approximately the same, which means that density plays an important role in enhancing the detonation performances of designed isomers. The density of BT7 was similar to that of BT5, but *D* and *P* were higher than that of BT5. The excellent detonation performances of BT7 is due to its highest Δ*H*~f,solid~. *D* and *P* of HMX were calculated by the same method at the same level. On comparing with the calculated *D* and *P* of HMX, it is found that four isomers (BT3, BT4, BT6, BT7) possess higher detonation performances than HMX.

2.5. Bond Dissociation Energies {#sec2.5}
-------------------------------

The bond dissociation energies (BDE) provided useful information for understanding the thermal stability of compounds.^[@ref12]^ The higher the BDE, the better the thermal stability. The calculated bond order (BO) and BDE of the weakest bond of the designed isomers of tetranitro-bis-1,2,4-triazoles are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The bond dissociations of the designed isomers might occur at the N/C--NO~2~ bonds or the N--N bonds between two 1,2,4-triazoles. Their BDE values were found to be from 74.07 to 240.20 kJ mol^--1^. Among them, BT5 has the highest BDE, while BT4 has the lowest BDE. Clearly, BT5 and BT6 have larger BDEs than others, which might indicate higher thermal stability. The variation trends of BDE and BO were approximately the same except for BT1 and BT7. BT1 and BT7 have relatively higher BO values but lower BDE values. Therefore, the thermal stability of designed isomers is not only determined by the BO, but it is also necessary to depend on the BDE. On comparing with the calculated BDE value of HMX, three compounds (BT5, BT6, BT7) might possess higher thermal stabilities than HMX, while one compound (BT2) possesses thermal stability similar to HMX.

###### Calculated Bond Dissociation Energies of Designed Isomers

  compound   bond[a](#t2fn1){ref-type="table-fn"}   BO[b](#t2fn2){ref-type="table-fn"}   BDE[c](#t2fn3){ref-type="table-fn"}   compound   bond[a](#t2fn1){ref-type="table-fn"}   BO[b](#t2fn2){ref-type="table-fn"}   BDE[c](#t2fn3){ref-type="table-fn"}
  ---------- -------------------------------------- ------------------------------------ ------------------------------------- ---------- -------------------------------------- ------------------------------------ -------------------------------------
  BT1        N--NO~2~                               0.8381                               131.19                                BT5        C--NO~2~                               0.8220                               256.81
  BT2        N--NO~2~                               0.7418                               162.37                                BT6        C--NO~2~                               0.8667                               257.07
  BT3        N--NO~2~                               0.7335                               139.09                                BT7        N--N′                                  0.9455                               248.16
  BT4        N--NO~2~                               0.7332                               105.66                                HMX        N--NO~2~                               0.9157                               191.93

Weakest bond in the molecule.

Bond order of the weakest bond.

Bond dissociation energy of the weakest bond (kJ mol^--1^).

2.6. Impact Sensitivities {#sec2.6}
-------------------------

Impact sensitivity (IS) is commonly used for assessing the sensitivity of energetic materials. It is usually done by dropping a given mass upon a sample of the compound and determining the height from which 50% of the drops produce evidence of a reaction. IS is generally reported either as this height in cm, denoted as *h*~50~, or as the corresponding impact energy in *J*.^[@ref13],[@ref14]^ The *h*~50~ (*m* = 2.5 kg) values of BT1 to BT7 were calculated to be 26, 30, 27, 21, 20, 20, and 16 cm, respectively, and the corresponding impact energies (*mgh*~50~) of BT1 to BT7 were calculated to be 6.4, 7.4, 6.6, 5.1, 4.9, 4.9, and 3.9 J, respectively ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The IS value of HMX was calculated using the same method ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Among them, BT2 has the highest impact energy, while BT7 has the lowest impact energy. Clearly, BT2 and BT3 have higher impact energies than others, which might indicate slower sensitivity. The IS value of BT2 was similar to that of HMX.

###### Impact Sensitivities of the Designed Isomers and HMX

  compound   IS[a](#t3fn1){ref-type="table-fn"}   compound   IS[a](#t3fn1){ref-type="table-fn"}
  ---------- ------------------------------------ ---------- -----------------------------------------
  BT1        6.4                                  BT5        4.9
  BT2        7.4                                  BT6        4.9
  BT3        6.6                                  BT7        3.9
  BT4        5.1                                  HMX        7.8 (7[b](#t3fn2){ref-type="table-fn"})

Impact sensitivity, (J).

Ref ([@ref18]).

On comparing with the detonation performances, bond dissociation energy, and IS of HMX, it could be concluded that BT2 possesses higher detonation performances and similar impact energy and thermal stability; BT7 possesses higher detonation performances and thermal stability but lower impact energy; BT3 possesses approximately the same detonation performances and lower impact energy and thermal stability; BT6 possesses approximately the same detonation performances, and higher thermal stability, and lower impact energy.

3. Conclusions {#sec3}
==============

In the present work, a series of isomers of tetranitro-bis-1,2,4-triazoles were designed. Then, their structures, energetic properties, thermal stabilities, and impact sensitivities were systematically studied by DFT at the M06-2×/6-311++G(d, p) level.

It is found that BT2 and BT7 possess higher detonation performances than HMX, while BT3, BT4, and BT6 possess detonation performances similar to HMX; BT5, BT6, and BT7 possess higher thermal stability than that of HMX; BT2 and BT3 possess comparable impact sensitivities to HMX.

4. Computational Methods {#sec4}
========================

The DFT method is a powerful tool to study the structures and energetic properties of energetic materials.^[@ref15]−[@ref17]^ All calculations of this work were performed using the Gaussian 09 program package. The geometric optimization and frequency analysis were performed at the M06-2×/6-311++G(d, p) level.^[@ref18]^ All of the optimized structures were characterized to be localized at the energy minimum on potential energy surfaces without imaginary frequencies.

The gas-phase heats of formation (Δ*H*~f,gas~) of designed isomers of tetranitro-bis-1,2,4-triazoles were calculated using the isodesmic reaction method at the M06-2×/6-311++G(d, p) level ([Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf)). The Δ*H*~f,gas~ values of designed isomers were calculated by the following equations:where Δ*H*~298.15~ is the heat of reaction at 298.15 K; Δ*H*~f,p~ and Δ*H*~f,r~ are the gas-phase heats of formation of products and reactants at 298.15 K, respectively; Δ*E*~0~, ΔZPE, and Δ*H*~T~ are the differences of total energies, zero-point energies, and thermal correction to enthalpies between products and reactants, respectively; Δ*n* is the difference of molar quantities of gases between products and reactants; *R* is the gas constant; and *T* is the temperature. The Δ*H*~f,gas~ of reference compounds were calculated using the atomization reaction method at the G3 level.

The solid-phase heats of formation (Δ*H*~f,solid~) of designed isomers were calculated using Hess's law.^[@ref19],[@ref20]^where Δ*H*~sub~ is the heat of sublimation, *A* is the molecular surface area of 0.001 electrons bohr^--3^ electronic density, ν is the degree of balance between positive and negative potentials on the molecular surface, and σ~tot~^2^ is the measure of variability of the ESP on the molecular surface. The coefficients α~1~, α~2~, and α~3~ were determined to be 2.670 × 10^--4^ kcal mol^--1^ A^--4^, 1.650 kcal mol^--1^, and 2.966 kcal mol^--1^, respectively.^[@ref17]^

The densities (ρ) of designed isomers were calculated by the equation proposed by Politzer.^[@ref21]^where *M* is the molecular weight and *V* is the average molecular volume, which were obtained from 100 single-point calculations at the B3PW91/6-31G(d, p) level. The coefficients β~1~, β~2~, and β~3~ are 0.9183, 0.0028, and 0.0443, respectively.^[@ref21]^ Based on calculated ρ and Δ*H*~f,solid~, the detonation velocities (*D*) and pressures (*P*) of designed compounds were calculated using EXPLO5_V6.05.02.

The bond dissociation energies (BDE) of designed isomers were calculated by the following equations,^[@ref11],[@ref22]^where BDE~0~(A--B) is the BDE of A--B at 0 K; *E*~0~(A·), *E*~0~(B·), and *E*~0~(A--B) are the total energies of A,· B,· and A--B, respectively; and BDE(A--B)~ZPE~ is the BDE of A--B at 298.15 K.

The impact sensitivities (*h*~50~) of designed isomers were calculated by a simple method proposed by Pospíšil et al.^[@ref23],[@ref24]^where *h*~50~ is measured by a 2.5 kg dropping mass upon a sample for determining the height from which there is a 50% probability of causing an explosion and σ~+~^2^ is the measure of variability of the positive surface potential. The γ~1~, γ~2~, and γ~3~ values are −0.0064, 241.42, and −3.43, respectively.^[@ref13]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01544](https://pubs.acs.org/doi/10.1021/acsomega.0c01544?goto=supporting-info).Isodesmic reactions of designed isomers; calculated parameters of reference compounds; calculated parameters of designed isomers; detonation performances of designed isomers and HMX; electrostatic potential of designed isomers ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01544/suppl_file/ao0c01544_si_001.pdf)).
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